Each year, about one to two million Americans over 65 years of age suffer from post-operative cognitive dysfunction (POCD), which is one of the most common post-operative complications in senior patients[@b1] and is associated with increased cost, morbidity, and mortality[@b2][@b3][@b4]. However, the causes and pathogenesis of POCD remain largely to be determined.

Previous studies have assessed the effects of general anesthesia or surgery plus general anesthesia on cognitive impairment in rodents[@b5][@b6][@b7][@b8]. But there is increasing clinical evidence which suggests that surgery in the absence of general anesthesia may also induce POCD in humans[@b9]. Therefore, it is important to determine whether POCD in humans and cognitive impairment in animals are dependent on the presence of general anesthesia.

It has been reported that surgery may cause neuroinflammation, including elevation of the levels of pro-inflammatory cytokine e.g., TNF-α[@b7], and activation of microglia[@b8], leading to POCD \[reviewed in[@b10]\]. However, almost all surgical patients develop a certain degree of inflammation and some surgical patients may develop neuroinflammation, the majority of surgical patients do not develop POCD. The reason behind this observable fact is largely unknown. Excessive accumulation of β-amyloid (Aβ) has been reported as a part of the neuropathogenesis of Alzheimer\'s disease (AD) and cognitive impairment (reviewed in[@b11]). We have therefore postulated a multifactorial model of POCD pathogenesis that peripheral surgery (precipitating factors) plus Aβ accumulation from aging \[e.g., 18 month-old wild-type (WT) mice\] or AD gene mutation \[e.g., 9 month-old AD transgenic (Tg) mice\] (predisposing factors) were needed to cause the cognitive impairment in mice.

Therefore, we established a pre-clinical model of peripheral surgery in the abdomen under local anesthesia to determine the effects of peripheral surgery without the influence of general anesthesia on Aβ accumulation and cognitive impairment in 9 and 18 month-old WT mice, and 9 month-old AD Tg mice. The studies aimed to: (1) establish a pre-clinical model of POCD without the presence of general anesthetics to assess whether POCD was independent of general anesthetics; and (2) elucidate the pathogenesis of POCD by investigating whether the peripheral surgery could induce an age-dependent Aβ accumulation and cognitive impairment. The AD Tg mice \[B6.Cg-Tg(APPswe, PSEN1dE9)85Dbo/J\] have the same genetic background as the WT mice (C57BL/6J) and elevated Aβ levels, owing to mutations of *APP* and *PSEN1*, the AD genes[@b12][@b13]\].

Aβ is generated from its large precursor protein amyloid precursor protein (APP) by sequential proteolytic cleavage through two proteases, beta-site APP cleaving enzyme (BACE1) and γ-secretase (reviewed in[@b11]). Cellular stress may enhance phosphorylation of the [e]{.ul}ukaryotic translation [i]{.ul}nitiation [f]{.ul}actor (eIF) 2α, leading to increases in levels of BACE1 and consequently Aβ accumulation[@b14]. γ-Secretase inhibitor compound E can reduce Aβ generation[@b15]. We therefore determined the effects of the peripheral surgery on the brain level of BACE1 and phosphorylated eIF2α, and assessed whether compound E could attenuate the peripheral surgery-induced cognitive impairment and brain Aβ accumulation in the 18 month-old WT mice.

Results
=======

The mice that received the peripheral surgery did not show significant changes in behavior (e.g., eating and drinking), intraoperative blood pressure, blood gas, blood glucose and epinephrine levels, pain threshold, and post-operative locomotor activity as compared to the control mice ([Table 1](#t1){ref-type="table"}). Mice had the surgical procedure under bupivacaine local anesthesia. The local anesthesia alone did not induce cognitive impairment in the aged mice (18 month-old mice) at 7 days after the abdominal surgery ([Figure 1](#f1){ref-type="fig"}).

The peripheral surgery in the absence of general anesthesia induced cognitive impairment in aged WT mice
--------------------------------------------------------------------------------------------------------

Fear Conditioning System (FCS) is among the most commonly used behavioral tests to detect cognitive impairment induced by anesthesia[@b5][@b6] and anesthesia plus surgery[@b7][@b8]. We therefore first assessed and compared the effects of peripheral surgery without general anesthetics (under the local anesthesia) on cognitive function in adult (9 month-old) and aged (18 month-old) WT mice using the FCS. We found that the peripheral surgery in the absence of general anesthesia impaired cognitive function as evidenced by reductions in freezing time in both context and tone tests of the FCS at 72 hours, 7, 30, and 60 days, but not 24 hours, post-surgery in 18, but not 9, month-old WT mice ([Figure 2](#f2){ref-type="fig"}). Two-way ANOVA showed that age potentiated the peripheral surgery-induced cognitive impairment ([Figure 2](#f2){ref-type="fig"}). The relatively short freezing time that 9 month-old WT mice exhibited in the context test of the FCS could be due to a hyperactive response of the mice while in the FCS chamber.

Moreover, the peripheral surgery reduced the number of times that mice crossed the platform in the probe test of the Morris Water Maze in 18 ([Figure 3E](#f3){ref-type="fig"}), but not 9 ([Figure 3B](#f3){ref-type="fig"}), month-old WT mice. The peripheral surgery did not significantly alter the escape latency ([Figure 3A and 3D](#f3){ref-type="fig"}) and swim speed ([Figure 3C and 3F](#f3){ref-type="fig"}) of the mice in the MWM test.

Collectively, these data indicated that the peripheral surgery without the influence of general anesthetics induced associative[@b7][@b8] and spatial[@b16] impairment of cognitive function in aged mice.

The peripheral surgery increased hippocampus Aβ levels in aged WT mice
----------------------------------------------------------------------

It has been reported that the neuroinflammation following surgery may be associated with cognitive impairment in animals[@b7][@b8] and in patients[@b17]. However, even though all patients may have a peripheral surgery-induced increase in pro-inflammatory cytokines in the blood (which could cause neuroinflammation[@b18]), not all patients develop POCD. Thus, it is plausible that patients who develop POCD have other changes in the brain that facilitate cognitive impairment. We have hypothesized that one of these changes is an elevated level of brain Aβ, and therefore assessed the effects of the peripheral surgery on the Aβ levels in the hippocampus of the mice.

Enzyme-linked immunosorbent assay (ELISA) of Aβ showed that the peripheral surgery (black bar) did not significantly increase the levels of Aβ40 ([Figure 4A](#f4){ref-type="fig"}) and Aβ42 ([Figure 4B](#f4){ref-type="fig"}) in the hippocampus of 9 month-old WT mice as compared to the control condition (white bar). In the 18 month-old WT mice, however, the peripheral surgery significantly increased Aβ levels in the hippocampus of the mice 12 hours post-surgery ([Figure 4C](#f4){ref-type="fig"} and [Figure 4D](#f4){ref-type="fig"}). Finally, the ELISA showed that the baseline levels of Aβ in the hippocampus of the 18 month-old WT mice were higher than those in the 9 month-old WT mice ([Figure 4E and 4F](#f4){ref-type="fig"}). These data suggested that the peripheral surgery increased both Aβ40 and Aβ42 levels in the hippocampus of aged WT mice, but not in the adult WT mice. These results were consistent with the finding from the previous studies that aging is associated with elevated brain Aβ levels[@b19].

The peripheral surgery induced cognitive impairment and enhanced hippocampus Aβ levels in adult AD Tg mice
----------------------------------------------------------------------------------------------------------

Next, we employed AD Tg mice to further test the hypothesis that the peripheral surgery exclusively induced cognitive impairment and enhanced brain Aβ levels in the mice with elevated baseline brain Aβ levels. We found that the peripheral surgery induced cognitive impairment ([Figure 5A and 5B](#f5){ref-type="fig"}) and Aβ accumulation ([Figure 5C](#f5){ref-type="fig"}) in the 9 month-old AD Tg mice \[B6.Cg-Tg(APPswe, PSEN1dE9) 85Dbo/J\], but not in the 9 month-old WT mice, 7 days and 12 hours post-surgery, respectively. The AD Tg mice \[B6.Cg-Tg (APPswe, PSEN1dE9)85Dbo/J\] have elevated Aβ levels[@b12][@b13]\]. Taken together, these data further suggested that the peripheral surgery only enhanced brain Aβ accumulation and induced cognitive impairment in the mice with already elevated baseline brain Aβ levels. Note that the freezing time of mice in the tone test of FCS in this experiment when the mice were tested once 7 days after the surgery ([Figure 5A](#f5){ref-type="fig"}) was higher than that in the experiment when mice were tested repeatedly in FCS at 24 hours, 72 hours, 7 days, 30 days and 60 days after the surgery ([Figure 2](#f2){ref-type="fig"}). The exact reason of such difference is unknown at the present time. We postulate that mice may have reductions in the freezing time of FCS tone test when they are tested repeatedly in FCS after surgery. The future studies to test this hypothesis are warranted.

The peripheral surgery increased levels of BACE1 and P-eIF2α in hippocampus of aged WT mice
-------------------------------------------------------------------------------------------

Cellular stress has been reported to enhance phosphorylation of the [e]{.ul}ukaryotic translation [i]{.ul}nitiation [f]{.ul}actor (eIF) 2α, which then lead to increases in levels of BACE1 and consequently Aβ accumulation[@b14]. We therefore assessed the effects of the peripheral surgery without the influence of general anesthetics on the brain levels of BACE1 and phosphorylated eIF2α (P-eIF2α) in mice. Quantitative Western blot showed that the peripheral surgery increased the levels of BACE1 and P-eIF2α in the hippocampus of 18 month-old WT mice 12 hours post-surgery ([Figure 6A, 6B and 6C](#f6){ref-type="fig"}). These data suggested that the peripheral surgery might induce Aβ generation by increasing the levels of P-eIF2α and BACE1.

Compound E attenuated the peripheral surgery-induced brain Aβ accumulation and cognitive impairment in aged mice
----------------------------------------------------------------------------------------------------------------

Given that the peripheral surgery without the influence of general anesthetics increased Aβ accumulation and induced cognitive impairment in aged mice, next we assessed the cause-effect relationship by employing compound E, a γ-secretase inhibitor that decreases Aβ generation[@b20]. We found that compound E attenuated the peripheral surgery-induced increase in the levels of Aβ40 ([Figure 7A](#f7){ref-type="fig"}) and Aβ42 ([Figure 7B](#f7){ref-type="fig"}) in the hippocampus of 18 month-old mice 12 hours post-surgery. Finally, compound E ameliorated the peripheral surgery-induced cognitive impairment ([Figure 7C and 7D](#f7){ref-type="fig"}) 7 days post-surgery. These results further suggested that the peripheral surgery likely induced cognitive impairment by enhancing brain Aβ accumulation in the aged mice.

Discussion
==========

Many studies aim to determine the role of general anesthesia alone ([@b6][@b21][@b22]; reviewed in[@b23]) or general anesthesia plus surgery[@b8][@b24][@b25][@b26] in POCD pathogenesis. However, increasing evidence suggests that there is no significant difference in the incidence of POCD between surgery with general anesthesia and surgery without it (with epidural, spinal, or local anesthesia) ([@b27][@b28]; reviewed in[@b29]). We therefore established a pre-clinical model in mice and aimed to determine whether POCD can occur even in the absence of general anesthetics. We found that the peripheral surgery in the abdomen, in the absence of general anesthetics (under local anesthesia), still caused cognitive impairment in aged WT mice ([Figure 2](#f2){ref-type="fig"} and [3](#f3){ref-type="fig"}). These results suggested that POCD may not be dependent on the presence of general anesthetics. However, it is still possible that general anesthetics may potentiate the surgery-induced POCD in humans and cognitive impairment in animals. Further studies should include comparing the effects of anesthesia, surgery, and anesthesia plus surgery on cognitive function and the underlying mechanisms.

Moreover, we found that the peripheral surgery increased Aβ levels exclusively in the hippocampus of aged WT mice ([Figure 4](#f4){ref-type="fig"}) or AD Tg mice ([Figure 5](#f5){ref-type="fig"}), but not adult mice, which was paralleled with the cognitive impairment in the mice ([Figure 2](#f2){ref-type="fig"}, [3](#f3){ref-type="fig"} and [5](#f5){ref-type="fig"}). The hippocampus baseline Aβ levels in the aged WT mice were higher than adult WT mice ([Figure 4](#f4){ref-type="fig"}), and the hippocampus baseline Aβ levels in AD Tg mice were higher than those in WT mice ([Figure 5](#f5){ref-type="fig"}). Collectively, these data suggested a hypothesized multifactorial mode of POCD that the combination of peripheral surgery and Aβ accumulation from aging or AD gene mutation was needed to cause the cognitive impairment in mice. These data are consistent with the clinical observation that senior patients, who have higher brain Aβ levels[@b19], are more vulnerable to develop POCD[@b30]. These findings were also consistent with the findings from a previous study that the partial hepatectomy in mice induced Aβ production[@b8].

Cellular stress induced by glucose deprivation has been shown to enhance phosphorylation of eIF2α, leading to increases in levels of BACE1 and consequently Aβ accumulation[@b14]. We found that the peripheral surgery increased the levels of P-eIF2α, BACE1, and Aβ in the hippocampus of aged WT mice ([Figure 4](#f4){ref-type="fig"} and [6](#f6){ref-type="fig"}). These findings suggested that the peripheral surgery may also induce cellular stress, ultimately leading to Aβ accumulation.

Finally, γ-secretase inhibitor compound E ([Figure 7](#f7){ref-type="fig"}), which reduces Aβ generation[@b15], could mitigate the peripheral surgery-induced Aβ accumulation and cognitive impairment in the 18 month-old WT mice. These findings demonstrated the potential cause-effect relationship of the peripheral surgery-induced Aβ accumulation and cognitive impairment. Furthermore, these findings suggested the potential application of future anti-Aβ treatment in preventing and treating POCD, pending further studies. There was a moderate increase in the Aβ40 levels in the mouse hippocampus following the treatment of compound E. The increase could be non-specific, however, the exact reason of this increase remained unknown. Nevertheless, the data suggested that compound E might not reduce brain Aβ levels in the absence of surgery insult, but could mitigate the surgery-induced elevation of brain Aβ levels.

POCD may result from the surgery-induced neuroinflammation, including elevation of brain levels of pro-inflammatory cytokine and microglia activation \[[@b7][@b8], reviewed in[@b10]\]. Specifically, neuroinflammation may cause cognitive dysfunction through synaptic dysfunction, inhibition of neurogenesis, neuronal death, microglial priming and others, contributing to POCD \[reviewed in[@b10]\]. Aβ and neuroinflammation have been reported to potentiate each other\'s neurotoxicity \[[@b31][@b32]; reviewed in[@b33]\]. We therefore have proposed a multifactorial model of POCD pathogenesis that neuroinflammation from surgery plus Aβ accumulation from aging or AD gene mutation are needed to cause POCD. Future studies are needed to test this hypothesis.

Stress[@b34] and pain[@b35] may cause cognitive dysfunction \[reviewed in[@b36]\]. The mice in the current studies underwent the peripheral surgery with only local anesthesia, and the mice were restrained with paper tape for the procedure. Thus, we cannot completely rule out the effects of stress and pain on the peripheral surgery-induced neurotoxicity and neurobehavioral deficits in the mice. Indeed, there was a slight increase in the levels of blood glucose (but not epinephrine) and the pain scale in surgery mice than those in the control mice ([Table 1](#t1){ref-type="table"}), which indicated that the peripheral surgery may also induce minimal levels of stress response and pain. However, there have been no other alternative ways to determine the effects of peripheral surgery without the influence of the general anesthesia on the cognitive impairment and the underlying mechanisms. These findings would hopefully promote more studies of POCD, including whether the peripheral surgery-associated pain and stress also contribute to the development of POCD.

In conclusion, we reported that the peripheral surgery in mice abdomen, in the absence of general anesthetics (under local anesthesia), induced brain Aβ accumulation and cognitive impairment in aged WT mice and AD Tg mice, but not adult WT mice. P-eIF2α, BACE1, and Aβ accumulation might all be involved as, at least partially, the underlying mechanisms. Finally, γ-secretase inhibitor (compound E) ameliorated the peripheral surgery-induced adverse effects. Taken together, these findings carry insightful implications for the surgical care of elderly patients and suggest that the peripheral surgery combined with age or AD gene mutation-associated Aβ accumulation may contribute to POCD. Pending further studies, it may be useful to consider future anti-Aβ therapies to reduce the risk of POCD in elderly patients and, particularly, those suffering from AD.

Methods
=======

Mice surgery and treatment
--------------------------

All experiments were performed in accordance with the National Institutes of Health guidelines and regulations. The animal protocol was approved by the Massachusetts General Hospital (Boston, Massachusetts) Standing Committee on the Use of Animals in Research and Teaching. Efforts were made to minimize the number of animals used. Since it is technically difficult to perform an epidural or spinal anesthesia in mice, we have established an animal model of peripheral surgery in the abdomen under local anesthesia in mice. WT C57BL/6J mice (9 month-old, The Jackson Laboratory, Bar Harbor, ME; and 18 month-old, National Institute of Aging, Bethesda, MD), and AD Tg mice \[B6.Cg-Tg(APPswe, PSEN1dE9) 85Dbo/J, 9 month-old, The Jackson Laboratory\] were used in the studies. The mice were randomly assigned to a surgery or control group by weight. The mice were gently restrained to a heating pad (37 C°) using paper tape. A local anesthetic bupivacine (0.5% and 0.1 ml) was injected into the skin and subcutaneous tissue of the abdominal area. A 2.5 cm incision was made in the middle of the abdomen to open and then close the abdominal cavity in the mouse. The procedure lasted about five minutes. We did not use sedative medicine in an effort to reveal the effects of surgery alone and to minimize all other variables. EMLA cream (2.5% lidocaine and 2.5% prilocaine) was used every 8 hours for the first and second post-operative days to treat the surgery-associated pain. We did not use antibiotics because the procedure was aseptic. The non-surgery (control) mice underwent the same procedure, only without the incision. In the intervention studies, each mouse received compound E (the inhibitor of γ-secretase, which can reduce Aβ generation) (3 mg/kg, IP, Enzo Life Sciences Inc., Farmingdale, NY, Cat. Number: ALX-270-415) or saline daily for 7 days post-surgery[@b20].

Measurement of physiological changes in mice receiving peripheral surgery
-------------------------------------------------------------------------

A mouse-tail blood pressure cuff (Kent scientific cooperation, Torrington, CT) was used to measure blood pressure. Blood gas and blood glucose levels were determined by a blood gas machine (Trupoint, ITC, Edison, NJ). Blood epinephrine levels were determined by enzyme-linked immunosorbent assay (ELISA) kit (American research products, Inc., Belmont, MA). Locomotor activity was counted by a recorded video of the mice. Pain threshold was determined by Von Frey fiber (North Coast Medical, Inc., Gilroy, CA) as described in a previous study[@b37]. The Von Frey fiber was applied to the abdominal wound to assess the pain threshold.

Fear conditioning system (FCS)
------------------------------

The FCS studies were performed as described in our previous studies[@b6] with modification. Specifically, the pairing in the FCS (Stoelting Co., Wood Dale, IL) was performed 24 hours post-surgery, mimicking the condition that patients may have difficulty to learn new things after surgery. For pairing, each mouse was allowed to explore the FCT chamber for 180 seconds before presentation of a 2-Hz pulsating tone (80 dB, 3,600 Hz) that persisted for 60 seconds. The tone was immediately followed by a mild foot shock (0.8 mA for 0.5 second). The pairing was performed twice with two minutes in between. The first context test of FCT was performed at 30 minutes after the end of the pairing. Each mouse was allowed to stay in the same chamber for a total of 390 seconds. Cognitive function (e.g., learning and memory) in the context test was assessed by measuring the amount of time the mouse demonstrated "freezing behavior" (freezing time), which is defined as a completely immobile posture except for respiratory efforts during the second 180 seconds. The first tone test was performed at 90 minutes after the end of the pairing. Each mouse was allowed to stay in a different chamber for a total of 390 seconds. The same tone was presented for the second 180 seconds without the foot shock. Cognitive function in the tone test was also assessed by measuring the freezing time. The same cohorts of 9 and 18 month-old mice were tested repeatedly in the FCT at 24 and 72 hours, 7, 30 and 60 days post-surgery without additional pairing. This design was consistent with the observation that patients may have specific cognitive impairments for extended periods of time post-surgery. To control for sequential testing of the same mice, we observed surgery-induced cognitive impairment at 7 days post-surgery, independent of repeating the FCT test ([Figure 7](#f7){ref-type="fig"}). We used a double pairing method in order to illustrate that the peripheral surgery could impair cognition over a long period of time (e.g., 60 days) post-surgery. However, this method caused 9 month-old mice to exhibit relative hyperactivity in the context test of the FCS, which led to a shorter freezing time, a caveat of the method.

Morris water maze (MWM)
-----------------------

Both 9 and 18 month-old mice (different cohort from the mice in FCS studies) from the peripheral surgery and control group were tested in the MWM (Stoelting Co.) starting on the next day after the peripheral surgery as previously described[@b22]. The mice were placed in MWM one day after the surgery. We dried the wound of the mice immediately after each trail of MWM test, and no sign of infection in the mice was identified in the studies. We did not include a training period for both FCS and MWM studies because we wanted to specifically determine whether surgery could impair the cognitive function of mice in learning new things. The similar approach was employed in other studies[@b5][@b22].

Brain tissue lysis and protein quantification
---------------------------------------------

The brain tissues (hippocampus) of the mice were harvested at 12 hours after the surgery. The harvested brain tissues were homogenized on ice using immunoprecipitation buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.5% Nonidet P-40) plus protease inhibitors (1 μg/ml aprotinin, 1 μg/ml leupeptin, 1 μg/ml pepstatin A). The lysates were collected, centrifuged at 12,000 rpm for 15 minutes, and quantified for total proteins by bicinchoninic acid (BCA) protein assay kit (Pierce, Iselin, NJ). The brain tissues were then subjected to Western blot analysis as described by Xie et al.[@b38].

Western blot analysis
---------------------

6E10 antibody (1:200 dilution; Covance, Princeton, NJ, Cat. Number: SIG-39320) was used to recognize Aβ (4 kDa). Beta-site amyloid precursor protein cleaving enzyme 1(BACE1) antibody (1:1,000 dilution; Abcam, Cambridge, MA, Cat. Number: ab2077) was used to recognize BACE1 (65 kDa). Phospho-[e]{.ul}ukaryotic translation [i]{.ul}nitiation [f]{.ul}actor (eIF) 2α antibody (Ser51, 119A11) (1:1,000 dilution, Cell Signaling, Cat. Number: 3597) was used to recognize phosphorylated (eIF) 2α, (P-eIF2α) (38 kDa). Antibody anti-β-Actin (1:10,000, Sigma, St. Louis, MO) was used to detect β-Actin (42 kDa) levels. Western blot quantification was performed as described by Xie et al.[@b38]. 100% of protein level changes refer to control levels for the purpose of comparison to experimental conditions.

Enzyme-linked immunosorbent assay (ELISA) Aβ measurement
--------------------------------------------------------

The levels of Aβ40 and Aβ42 were measured by using ELISA (Invitrogen, San Francisco, CA) as described in our previous studies[@b39]. The mouse Aβ40 and Aβ42 immunoassay Kits (Invitrogen, Catalog number: KMB3481 and KMB 3441) were used to determine Aβ40 and Aβ42 levels, respectively, in the hippocampus of the 9 and 18 month-old WT mice.

Immunoblot detection of Aβ
--------------------------

Immunoblot detection of Aβ in hippocampus was measured as described in previous studies[@b38][@b40][@b41]. Specifically, brain samples were homogenized (150 mM NaCl with protease inhibitor cocktail in 50 mM Tris, pH of 8.0) and centrifuged (65,000 rpm × 45 minutes), and the supernatant was removed. The pellet was then resuspended by sonication in homogenization buffer containing 1% SDS. Following pelleting of insoluble material (18,000 rpm × 15 minutes), the SDS-extract was electrophoresed on SDS-PAGE (4--12% Bis-Tris polyacrylamide gel from Invitrogen), blotted to PVDF membrane and probed with a 1:200 dilution of 6E10 antibody (Covance).

Statistics
----------

The nature of the hypothesis testing was two-tailed. Data were expressed as mean ± Standard Error of the Mean (SEM). The data for platform crossing times were not normally distributed, thus were expressed as median and interquartile range (IQR, 25% to 75%). The number of samples varied from 6 (biochemistry studies) to 10 (behavioral studies). Two-tailed t-test and one-way ANOVA were used to compare the differences between groups. Interaction between time and group factors in a two-way ANOVA with repeated measurements was used to analyze the interaction of age and time between mice in the control group and peripheral surgery group in the MWM. Two-way ANOVA was also used to determine the interaction of surgery and age or AD gene mutation effects in the studies. There were no missing data for the variables of MWM (escape latency and platform crossing times) during the data analysis. Finally, the Mann-Whitney test was used to determine the difference in platform crossing times between the peripheral surgery and control conditions. P values less than 0.05 (\*, \# and ^∧^) and 0.01 (\*\*, \#\# and ^∧∧^) were considered statistically significant. Prism 6 software (La Jolla, CA, USA) and SAS (SAS Institute Inc, Cary, NC) software (version 9.2) were used for all statistical analyses.
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![Local anesthesia does not induce cognitive impairment in the mice.\
Local anesthesia with bupivacaine does not induce cognitive impairment in context test (A) and tone test (B) of FCS in 18 month-old mice 7 days post-surgery. N = 10. FCS, Fear Conditioning System.](srep03766-f1){#f1}

![Peripheral surgery impairs associative cognitive function in 18, but not 9, month-old WT mice.\
Peripheral surgery decreases freezing time in the context test of the FCS (\* P \< 0.05 or \*\* P \< 0.01) at 72 hours (B), 7 (C), 30 (D) and 60 (E) days, but not 24 hours (A), post-surgery in 18 month-old WT mice, but not in 9 month-old WT mice. Two-way ANOVA shows that age potentiates the peripheral surgery-induced cognitive impairment (context test, ^∧^ P \< 0.05) at 72 hours (B) and 7 days (C) post-surgery. Peripheral surgery decreases freezing time in the tone test of the FCS (\* P \< 0.05 or \*\* P \< 0.01) at 72 hours (G), 7 (H), 30 (I) and 60 (J) days, but not 24 hours (F), post-surgery in 18 month-old WT mice, but not in 9 month-old WT mice. Two-way ANOVA shows that age potentiates the peripheral surgery-induced cognitive impairment (tone test, ^∧^ P \< 0.05) at 7 (H) and 30 (I) days post-surgery. N = 10. FCS, Fear Conditioning System; wild-type, WT; analysis of variance, ANOVA.](srep03766-f2){#f2}

![Peripheral surgery impairs spatial cognition in 18 month-old WT mice.\
The peripheral surgery, in the absence of general anesthetics, induces neither an increase in escape latency nor a decrease in platform crossing times in 9 month-old WT mice (A and B) in the MWM test. In the 18 month-old WT mice, however, the peripheral surgery decreases platform crossing times: 4, 3--5.25 (median, interquartile range) versus 2, 3--1 (median, interquartile range), \*\* P = 0.0052 (E) in the MWM test. The peripheral surgery does not increase escape latency (D) in the 18 month-old WT mice in the MWM studies. There is no significant difference in swim speed between the control and surgery conditions in 9 month-old WT (C) or 18 month-old WT mice (F). Morris Water Maze, MWM; wild-type, WT. Values are expressed as mean ± SEM. N = 10.](srep03766-f3){#f3}

![Peripheral surgery increases Aβ levels in the hippocampus of 18 month-old WT mice.\
ELISA shows that the peripheral surgery does not increase the levels of Aβ40 (A) and Aβ42 (B) in the hippocampus of 9 month-old WT mice. Peripheral surgery significantly increases the levels of Aβ40 (C) and Aβ42 (D) in the hippocampus of 18 month-old WT mice. ELISA shows that there are higher baseline levels of Aβ40 (E) and Aβ42 (F) in the hippocampus of 18 month-old WT mice than those of 9 month-old WT mice. β-Amyloid protein, Aβ; wild-type, WT. N = 6--8.](srep03766-f4){#f4}

![Peripheral surgery impairs cognitive function and increases hippocampus Aβ levels in 9 month-old AD Tg mice but not in 9 month-old WT mice.\
Peripheral surgery, in the absence of general anesthetics, decreases freezing time in the context test (A) and tone test (B) of the FCS at 7 days post-surgery in 9 month-old AD Tg mice but not in 9 month-old WT mice. Two-way ANOVA shows that AD gene mutations (*APP* and *PSEN1*) potentiate the peripheral surgery-induced cognitive impairment at 7 days post-surgery: context test, ^∧∧^ P = 0.002; tone test: ^∧^ P = 0.021. N = 10. (C). The baseline Aβ levels in the hippocampus of the 9 month-old AD Tg mice are higher than those in 9 month-old WT mice, and the peripheral surgery increases the hippocampus Aβ levels in the 9 month-old AD Tg mice but not in the 9 month-old WT mice. Alzheimer\'s disease, AD; β-amyloid protein, Aβ; transgenic, Tg; wild-type, WT; analysis of variance, ANOVA; amyloid protein precursor, APP; presenilin 1, PSEN1.N = 10 (behavioral tests), N = 6 (biochemistry studies, but only one sample was used to represent the findings). Full-length blots/gels are presented in [Supplementary Figure 1](#s1){ref-type="supplementary-material"}.](srep03766-f5){#f5}

![Peripheral surgery increases the levels of BACE1 and P-eIF2α in mouse hippocampus.\
(A). Peripheral surgery (bands 4 to 6) increases BACE1 and P-eIF2α levels in the hippocampus of 18 month-old mice at 12 hours post-surgery as compared to control condition (bands 1 to 3). Quantification of the Western blot shows that the peripheral surgery (black bar) increases BACE1 (B) and P-eIF2α (C) levels in the hippocampus of 18 month-old WT mice at 12 hours post-surgery as compared to the control condition (white bar). Beta-site amyloid precursor protein cleaving enzyme, BACE1; phosphorylated eukaryotic translation initiation factor 2α, P-eIF2α. Full-length blots/gels are presented in [Supplementary Figure 2](#s1){ref-type="supplementary-material"}.](srep03766-f6){#f6}

![Compound E attenuates the peripheral surgery-induced increases in levels of Aβ in the hippocampus, and ameliorates the peripheral surgery-induced cognitive impairment in aged WT mice.\
Compound E (3 mg/kg/day for 7 days) mitigates the peripheral surgery-induced increases in levels of Aβ in the hippocampus of 18 month-old WT mice 12 hours post-surgery (\* or \*\*: the difference between control and peripheral surgery group; \#: the difference between saline and compound E treatment; ^∧^ or ^∧∧^: the interaction between the group and the treatment) (A and B). Compound E ameliorates the peripheral surgery-induced cognitive impairment in 18 month-old WT mice at 7 days post-surgery (C and D) (\* or \*\*: the difference between control and peripheral surgery group; \#: the difference between saline and compound E treatment; ^∧∧^: the interaction between the group and the treatment). β-Amyloid protein, Aβ; wild-type, WT. N = 6 (biochemistry studies) and N = 10 (behavioral studies).](srep03766-f7){#f7}

###### The physiological changes in the mouse model of surgery

                                               Control Mice (wild-type) (9 month-old)   Surgery Mice (wild-type) (9 month-old)
  ------------------------------------------- ---------------------------------------- ----------------------------------------
  **Mean arterial pressure (MAP) (mmHg)**                    117 ± 1.74                               114 ± 1.79
  **pH**                                                    7.41 ± 0.03                              7.36 ± 0.04
  **PaO2 (mmHg)**                                            182 ± 4.44                               172 ± 4.90
  **PaCO2 (mmHg)**                                          41.2 ± 1.08                              39.8 ± 0.45
  **Blood glucose levels (mg/dl)**                           110 ± 1.28                               132 ± 6.88
  **Blood epinephrine levels (ng/ml)**                      91.2 ± 10.38                             94.7 ± 5.12
  **Locomotor activity (1 day) (move/min)**                 59.6 ± 2.39                              57.2 ± 2.24
  **Pain threshold (1 day) (gram)**                          9.7 ± 2.06                               8.0 ± 2.47

C57BL/6J mice received the peripheral surgery as described in the methods section. As compared to the control mice, the peripheral surgery mice did not show significant changes in behavior (e.g., eating and drinking), intraoperative blood pressure, blood gas, post-operative locomotor activity, blood glucose levels, blood epinephrine levels, and the pain threshold. Values are expressed as mean ± SEM. N = 6--10.
